RESEARCH INTO NON-STATIONARY TEMPERATURE FIELD IN THE PROTECTED METALLIC STRUCTURE UNDER CONDITIONS OF FIRE V . L o i k
Introduction
At all stages of capital construction or reconstruction of objects of any designation it is required to take into account the ability of metallic building structures to maintain their properties under fire conditions, particularly, to ensure the necessary fire resistance limit.
It is known that in order to improve the limit of fire resistance of structures, they are treated with fire-retarding substances. One of the means to protect metallic structures from fire is the application of special coatings on their surfaces, bloating under the influence of high temperature of fire with the formation of a heat insulation layer.
To analyze the processes and phenomena that occur during fire, it is necessary to apply methods of general physics, chemistry, thermophysics, thermodynamics, mechanics of solids, mathematics, etc. By employing a complex of these disciplines, it is possible to study and describe complex phenomena that accompany the start and development of fire, that is, to model a process that takes place there [1] .
In the practice of calculating a temperature problem during fire, it is as a rule necessary to solve the problem of nonstationary thermal conductivity. Under conditions of fire, a situation that most often occurs involves heating of the wall on the one hand, and the presence of convective heat exchange with the surrounding medium, on the other hand.
Under actual fire conditions, there is a nonstationary temperature regime, which in turn leads to a non-ideal thermal contact at the border of conjugation "metallic wallflame-retardant coating". The task is considerably simplified if one sets the conditions for a perfect thermal contact; the solutions created in this case are well-known. Therefore, examining temperature regimes in a two-layer structure, considering conditions of a non-ideal thermal contact, remains a relevant task.
Literature review and problem statement
The task of studying a non-stationary temperature field has quite often been the subject of research in many scientific papers. But if carefully considered, we can see that the set challenge was solved on its own, and in most cases it has no experimental confirmation. In addition, each study employed different mathematical apparatus, as well as methods for solving differential equations.
In particular, paper [2] proposes an algorithm for the calculation of non-stationary temperature fields at friction of bodies taking into account behavior peculiarities of uneven contact surface. Heat conduction equation was solved by the method of integral Laplace and Hankel transforms. Numerical results were obtained for the average dimensionless temperature for different Fourier parameters and roughness of the surface, as well as for different loads.
Article [3] proposed a procedure for calculating the class of problems on heat exchange in multilayer structures with a generalized non-ideal contact. The procedure is illustrated by calculating heat transfer in a pile of plates with fluids that move in the gaps between plates.
Authors of paper [4] show the structure of unique mathematical solutions to causal linear systems, invariant over time, applying time-domain methods and generalized Laplace and Fourier transforms. In particular, the authors correct a widespread inconsistency in using the Laplace transform.
Scientific study [5] addresses the problem of determining a non-stationary temperature field of a multi-layer flat structure, heated by convective heat exchange with the surrounding environment whose temperature changes over time in line with the logarithmic law. A solution to the corresponding problem on thermal conductivity was obtained using the method of Green's function under conditions of perfect contact.
Authors of scientific research [6] developed a method of analytical solutions to the problems of thermal conduction of conductivity in the one-dimensional multilayer composite bodies. The resulting method enables determining the exact transition temperature and heat flow. The proposed method is numerically effective, as it requires simple operations.
In paper [7] , authors obtained analytical solutions to the problems on non-stationary heat conduction under conditions of a non-ideal frictional contact between two solid isotropic semi-limited bodies.
The purpose of study [8] was to test numerical inverse Laplace transformation methods using a thermal characteristic within the framework of experiment. As a result, the work proved the reliability of methods based on the Fourier series methods.
Paper [9] considered a nonlinear boundary problem of thermal conductivity for an isotropic infinite thermosensitive layered plate with thermally insulated face surfaces and a foreign through heat-producing inclusion. By applying the proposed transform, a partial linearization was performed of the original heat conductivity equation; a numerical-analytical solution to this equation was found with boundary conditions of the second kind using an integral Fourier transform.
Based on the theoretical, as well as known, experimental results, authors of scientific study [10] constructed an improved mathematical model of thermo-chemical destruction of a multi-layered heat insulation coating. Consideration of flow through the body made it possible to predict the state of a protected structure under fire conditions more accurately. Results of numerical calculations were compared with known data.
Scientific study [11] tackles a one-dimensional multilayer diffusion problem. The multi-layer diffusion problem is represented as a sequence of single-layer tasks.
Paper [12] proposed and justified design scheme for building a solution to the mixed problem for the heat conductivity equation with piecewise continuous coefficients that depend on a coordinate at the finite interval. The basis for the scheme is formed by the method of reduction, the concept of quasi-derivatives, the modern theory of linear differential equations, the Fourier method, and the modified method of native functions. The results obtained could be used in the study of heat transfer process in a multi-layer plate under conditions of perfect thermal contact between the layers.
Article [13] reported experimental results of testing fire resistance of unprotected steel beams and their comparison with the estimated models. The comparison reveals differences between experimental temperature data and the calculations carried out in accordance with standards.
Thus, to date, there is a relevant task on creating a mathematical model, which would make it possible to adequately perform analytical calculations for determining the effectiveness of a fire-retardant coating as there are no practical results of research into non-stationary temperature fields for layered structures, considering conditions for a non-ideal heat contact on the conjugating surfaces of their non-uniform elements.
The aim and objectives of the study
The aim of present study is to devise a mathematical model of temperature field calculation in the structure "metallic wall -flame-retardant coating" that would make it possible to determine the effectiveness of a fire-retardant coating under fire conditions, taking into account a non-ideal thermal contact on the conjugating surfaces of non-uniform layers. The result will be determining the time of occurrence of the critical value of surface temperature of the metallic plate, which is not heated, without conducting experimental studies.
To achieve the set aim, the following tasks must be solved:
-to solve a non-stationary task of thermal conductivity for a two-layer structure "metallic wall -flame-retardant coating" considering the conditions for a non-ideal thermal contact at the conjugating surfaces;
-applying the obtained analytical solution of a boundary-value problem, to calculate a non-stationary temperature field of the examined structure for specific geometrical and thermophysical parameters;
-to compare results of experimental studies, conducted previously on determining the efficiency of a fire-retardant coating, with the numerical results obtained when employing the devised mathematical model.
Analytical solutions to the boundary value problem of
heat conduction for a two-layered structure
1. Mathematical model of temperature field calculation
We shall determine a distribution of temperature field in a double-layered structure with a non-ideal thermal contact between the layers and in the presence of conditions for convective heat exchange with the external environment. The heat conduction equations for each of the layers take the form:
where l 1 , l 2 are the thickness of the first and second layers, respectively; a 1 , a 2 are the thermal diffusivity coefficients; τ is the time; x is the spatial coordinate; t 1 , t 2 is the temperature of the first and second layer, respectively. Initial temperature distribution through the thickness of the two-layered system will be assigned in the following form:
We assume that there is a convective heat exchange with the surrounding environment on the external surfaces of a double-layered wall, in line with the law of Newton
where λ 1 , λ 2 are the coefficients of thermal conductivity of materials of the first and second layers, respectively; α 0 , α 2 are the heat release coefficients form the boundary surfaces of the structure; t p0 (τ) is the change in fluid temperature outside the borders of a thermal near-surface layer in the vicinity of surface x=0; t p2 (τ) is the change in fluid temperature outside the borders of a thermal near-surface layer in the vicinity of surface x=l 2 -l 1 .
There is a non-ideal thermal contact between the layers, that is, the following conditions are satisfied
To solve a heat conduction problem (1)- (7), we shall apply the Laplace transform for parameter, then equations (1) and (2) will take the form:
Solutions to differential equations (7) and (8) are:
( )
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where C 11 , C 12 , C 21 , C 22 are the integration constants. We shall determine integration constants by using boundary conditions (4), (5) and conditions for a non-ideal thermal contact between layers (6), (7) , which, after performing the Laplace transform, will take the form:
By substituting (11) into (14) and (15), we shall obtain a system of equations:
We shall obtain from this system of equations: 
Considering these dependences, relation (11) will take the form:
Boundary values (12) and (13), considering (10), (16) and (17), will take the form: 
We shall obtain from this system of equations:
( ) (11), (12), we shall determine: An analysis of characteristic equation (21) shows that it has real roots equal to zero, or imaginary roots. The roots of characteristic equation (21) 
where t p00 (τ), t p20 (τ) is the temperature of environment outside the borders of near-surface thermal layers;
( ) 
An analysis of characteristic equations (22), (23) reveals that they have a valid multiple root equal to zero. After performing the inverse integral Laplace transform, we shall obtain the following expressions:
The presence of imaginary roots of characteristic equations (22), (23) Table 1 Estimated results of determining the temperatures of a nearsurface layer, surface of the coating and the surface that is not heated, depending on the duration of heating and temperature of the environment (coating's thickness is 0.8 mm) To confirm the adequacy of the developed mathematical model for calculating a temperature field in the examined system, we shall will carry out a comparative analysis of the obtained numerical results with the results obtained experimentally.
Analysis of the obtained numerical estimations of temperature and the experimental data
Fire-retardant efficiency of the examined materials was obtained in line with the procedure by VNIIPO [14] .
Composition of the flame-retardant coating [15] : binder -30 %, K-2104 (LAC carborane siloxane varnish), fillers -35 % Аl 2 О 3 , 20 % ZrO 2 , 15% kaolin. It was established in study [16] that the time for reaching the critical temperature is 41 min. (Fig. 1) .
The influence of thickness of fire-retardant coatings on its fire-retardant efficiency was studied experimentally for a metallic plate. Corresponding dependence is shown in Fig. 2 .
Experimental studies have shown that an increase in the thickness of coating exerts a positive effect on the fire-retardant efficiency. The mechanism of a fire-retardant coating is based on the creation of a heat-insulating and temperature-resistant layer at the surface of the material due to bloating, when heated, with the formation of a porous and strong structure. When heating the samples to a temperature well above 400 °C, due the gaseous products of thermal destruction of carborane siloxane, the bloating of the coating occurs and its volume increases by 8.3-12.4 times at satisfactory adhesion strength to metal with an optimum thickness of the coating of 0.8 mm.
It was established that an increase in the thickness of a coating from 0.8 to 2.0 mm results in an increase in the time needed to reach the critical temperature (t CR ) for metallic structures from 38 to 52 minutes. Therefore, for a maximum limit of fire resistance of a coating, effective thickness equals 0.8 mm.
Fire-retardant efficiency of coating η will be determined from ratio: η=τ/τ max •100 %= =41 min./52 min.•100 %=78.8 %. (Fig. 1) shows that the difference between them is 9.7 %. 6. Discussion of modeling and experimental results of research into a temperature field in the structure "metallic wall -flame-retardant coating"
Comparison of the results obtained based on the devised model and those received experimentally shows that error is 9.7 %. This is caused by the inaccuracy of the mathematical model (model is linear) and an error in the experiment.
Heat transfer conditions can acquire a more complicated form, in the case when complex physical-mechanical or chemical processes occur in the contact area, leading, for example, to the emergence of sources of heat (as a result of bloating of a fire-retardant layer) whose power needs to be considered for these conditions. Presence of heat sources in the contact area leads to a jump in both temperature and heat flow. Depending on the sequence of distribution of heat sources, the jump occurs both in the direction of temperature rise and temperature fall.
The devised mathematical model for determining a temperature field in a fire-retardant coating allows us to argue that the effectiveness of a fire-retardant coating, applied onto metallic wall, when reaching a critical value of temperature on the surface of the side, which is not heated (480 °C), has a value that is 80.07 %.
In future, the aim of research is to construct a non-linear mathematical model for determining temperature regimes in heat-sensitive layered structures (thermophysical parameters depend on temperature), as well as consideration in the boundary conditions of locally arranged internal sources of heat.
A direct benefit of the mathematical model for determining a temperature field is the presence of conditions for a non-ideal thermal contact on the boundary conjugating surfaces of the structure "metallic wall -protective coating". Our research results should subsequently serve to design new fire-retardant coatings. This will make it possible to effectively protect various layered systems under fire conditions.
Conclusions
1. By applying the Laplace transform, we obtained an analytic solution to the nonstationary heat conduction problem for a two-layered structure (metallic structure -protective coating). The mathematical model takes into account a non-ideal contact of the surfaces, a nonstationary temperature regime.
2. By employing the obtained mathematical model for a nonstationary temperature field, we determined numerical values for temperature field distribution. Calculations showed that the effectiveness of a fire-retardant coating applied onto a metallic plate, has an estimated value of 45 minutes when reaching a critical temperature on the unheated surface of 480 °C.
3. Comparisons are performed between the analytical calculations and the results of experimental research into temperature distribution throughout the thickness of a metallic structure protected by a flame-retardant coating. It was established that the fire-retardant efficiency for a given structure is 41 minutes.
